Thiazolidinediones are effective anti-diabetic drugs that improve insulin sensitivity through the activation of the nuclear receptor and adipocyte-specific transcription factor, peroxisome proliferator-activated receptor gamma (PPAR-γ). Recent evidence suggests that PPAR-γ also controls bone cell development and bone homeostasis. In mice, PPAR-γ insufficiency results in increased bone mass, whereas administration of the specific PPAR-γ agonist rosiglitazone leads to bone loss and increased bone marrow adiposity. Although the proadipocytic and anti-osteoblastic activities of PPAR-γ can be separated in vitro using ligands with distinct chemical structures, little evidence exists supporting this functional separation in vivo. Netoglitazone (MCC-555, RWJ-241947) is a thiazolidinedione, which acts as either a full or partial PPAR-γ agonist, or antagonist, in a cell type specific manner. In this study, the pro-adipocytic and anti-osteoblastic activities of netoglitazone were evaluated in vitro, using both U-33/γ2 cells as a model of marrow mesenchymal cell differentiation under the control of PPAR-γ2 and primary bone marrow cultures, and in vivo in C57BL/6 mice. In vitro, netoglitazone induced adipocyte and inhibited osteoblast formation in a PPAR-γ2-dependent manner; however, it was 100-fold less effective than rosiglitazone. In vivo, the administration of netoglitazone at an effective hyperglycemic dose (10 μg/g body weight/day) did not result in trabecular bone loss. Bone quality parameters such as bone mineral density and bone microarchitecture were not affected in netoglitazone-treated animals. The observed lack of an in vivo effect of netoglitazone on bone was entirely consistent with its low anti-osteoblastic activity in vitro. In contrast to the observed in vitro effects, netoglitazone in vivo effectively induced marrow adipocyte formation and induced changes in the weights of extramedullary fat depots. Consistent with these cell type-specific effects, expression of the adipocyte-specific gene marker FABP4/aP2 was increased, whereas the expression of osteoblast-specific gene markers, Runx2, Dlx5, osteocalcin, and collagen were not affected by netoglitazone. In conclusion, netoglitazone is a member of a new class of PPAR-γ ligands with distinct anti-diabetic, anti-osteoblastic, and pro-adipocytic activities in vivo.
Introduction
Thiazolidinediones (or glitazones) represent a new class of oral anti-diabetic agents. Two of these, rosiglitazone and pioglitazone, are approved by the U.S. Food and Drug Administration for the treatment of type 2 diabetes. The primary pharmacological actions of glitazones are an improvement in insulin sensitivity in muscle and adipose tissue and an inhibition of hepatic gluconeogenesis [1] . In general, these drugs are well tolerated, however, their prolonged administration leads to the development of side effects including edema, anemia, and weight gain that are of clinical significance [1, 2] . The glitazones exert their antidiabetic effects through the activation of the nuclear receptor and transcription factor peroxisome proliferator-activated receptor gamma (PPAR-γ) which also plays an important role in fatty acids metabolism, and the development and function of adipose tissues.
Netoglitazone, also referred to as MCC-555 or RWJ-241947, is a new glitazone with a relatively high antidiabetic efficacy, despite its low binding affinity for PPAR-γ [1, 3, 4] . Netoglitazone has been reported to be over 50-fold more potent than rosiglitazone in decreasing blood glucose levels in rodent models of type 2 diabetes, and 5-to 10-fold less effective than rosiglitazone in inducing adipogenesis in mouse preadipocytes [3, 5, 6] . These effects may be explained by the ability of netoglitazone to act as a PPAR-γ agonist, partial agonist, or antagonist, depending on cell context, and can be attributed to its ability to recruit PPAR-γ coactivators, distinct from those recruited by rosiglitazone [3] .
Adipocytes and osteoblasts are derived from common marrow mesenchymal progenitors [7] [8] [9] [10] [11] . We have previously shown in U-33/γ2 cells, a model of marrow mesenchymal cell differentiation, that osteoblast and adipocyte development is under the control of PPAR-γ, specifically the adipocyte-restricted PPAR-γ2 isoform [11] . PPAR-γ2 activated by rosiglitazone converts cells of the osteoblast lineage to terminally differentiated adipocytes and irreversibly suppresses both the osteoblast phenotype and osteoblast-specific gene expression. In vivo, an essential role of PPAR-γ in maintaining bone homeostasis was demonstrated in animal models of either bone loss or bone accrual due to the status of PPAR-γ activation [12] [13] [14] [15] [16] [17] . We have demonstrated that rosiglitazone administration to intact C57BL/6 mice induces a decrease in tibial BMD, bone volume, and changes in bone microarchitecture [12] . These changes are associated with changes in the structure and function of bone marrow, such as a decreased number of osteoblasts and an increased number of adipocytes, indicating an important role for PPAR-γ2 in mesenchymal cell lineage allocation [12] . In contrast, in a model of bone accrual due to PPAR-γ insufficiency, heterozygous PPAR-γ-deficient mice exhibited high bone mass and increased osteoblastogenesis, but normal osteoblast and osteoclast function [17] . Similarly, PPARγ WAThyp mice, a murine model of lipodystrophy due to a selective deficit of PPAR-γ in fat, have increased bone mass [15] . In humans, a PPAR-γ polymorphism, resulting from a silent C to T transition in exon 6, is also associated with reduced BMD [18] .
We have previously demonstrated that it is possible to separate the pro-adipocytic and anti-osteoblastic activities of PPAR-γ2 by using ligands with different chemical structures [19] . The ligand binding pocket of PPAR-γ is promiscuous and binds a variety of molecules with different affinities [20] . PPAR-γ2 activation in osteoblast cells using natural and artificial ligands with distinct pharmacophores and binding affinities, resulted in the divergent activation of the proadipocytic and anti-osteoblastic activity of PPAR-γ2 [19] , suggesting that these effects are mediated by distinct regulatory pathways that are differentially modulated depending on the nature of the particular ligand. Moreover, these results imply that selective PPAR-γ2 modulators, which have beneficial activities as insulin sensitizers without adverse effects on the skeleton, can be identified.
Since netoglitazone is a PPAR-γ modulator, with strong insulin sensitizing and weak pro-adipocytic activities in vitro, we tested the effect of this compound on bone cell differentiation in vitro and on the skeleton in vivo. Netoglitazone activities were tested in U-33/γ2 cells, which represent a model of mesenchymal cell differentiation under the control of PPAR-γ2, and in primary bone marrow cultures, which include a heterogeneous population of osteoblast progenitor cells. The in vivo activity of netoglitazone on bone was tested at a dose, which lowered blood glucose levels as effectively as rosiglitazone in diabetic animals [3] and was equivalent to the dose of rosiglitazone that we had shown previously to cause significant bone loss in mice [12] . The data demonstrated that netoglitazone is a PPAR-γ ligand that distinguishes the anti-diabetic, antiosteoblastic, and pro-adipocytic activities of this transcription factor. Collectively, these findings suggest that selective PPAR-γ modulators that differentially activate anti-osteoblastic and pro-adipocytic activities, while retaining their beneficial effects on insulin sensitization, are feasible.
Materials and methods
Cell culture, treatment regime, and cell phenotype assays Both, netoglitazone maleate and rosiglitazone maleate were obtained from Carex S.A. (Strasbourg, France). Murine marrow-derived UAMS-33 cells stably transfected with a PPAR-γ2 expression construct (clone 28.6), referred to as U-33/γ2 cells, and UAMS-33 cells transfected with an empty vector control (clone γc2), referred as U-33/c cells, have been previously described [11] . Cell lines were maintained in αMEM supplemented with 10% FBS (Hyclone, Logan, UT), 0.5 mg/ml G418 for positive selection of transfected cells, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ ml amphotericin (Sigma) at 37°C in a humidified atmosphere containing 5% CO 2 . Media and additives were purchased from Life Technologies (Gaithersburg, MD).
To measure adipocyte formation, cells were cultured in 48-well plates and, after cultures achieved ∼70% confluence, growth medium was supplemented with either the tested ligands at different concentrations or with DMSO (as vehicle control). Cells were treated for 6 days with one change of media, fixed with 10% phosphate-buffered formalin, and stained for 30 min with 0.15% Oil Red O (Sigma, St. Louis, MO) in a 55:45 (vol/vol) mixture of isopropanol and water for lipid detection [19] . After rinsing, cells were counterstained with 0.5% methyl green (Fisher Scientific, Fair Lawn, NJ) in 0.1 M sodium acetate (pH 4.0). For the quantification of adipocytes, cells in each replicate well were enumerated in 5 randomly selected fields, each containing approximately 200 cells, and the percent fraction of the cells that contained fat droplets positively stained for Oil Red O was calculated.
To measure the effect of the ligands on alkaline phosphatase activity, a marker of the osteoblast phenotype, cells were plated in 96-well plates in triplicate and treated with tested ligands at different concentrations for 6 days, as described above. After treatment, alkaline phosphatase activity was measured using p-nitrophenol as a substrate (Phosphatase Substrate, Sigma), and data were normalized to the number of cells measured with CellTiter 96 NonRadioactive Cell Proliferation Assay (Promega, Madison, WI). One microunit (μU) of activity was defined as the amount of enzyme capable of hydrolyzing 1 pmol of pnitrophenol substrate per minute at room temperature.
To measure the effects of the tested ligands on osteoblast mineralization, U-33/γ2 U-33/c cells were initially cultured for 6 days with or without ligands, as described above, followed by 13 days culture in pro-osteoblastic medium containing 0.2 mM ascorbic acid (Sigma) and 10 mM β-glycerophosphate (Sigma) [11] . The culture medium was replaced every other day. Calcium deposited into the extracellular matrix was extracted with 0.1% acetic acid for 5 h at room temperature, and quantified colorimetrically using a Calcium Binding Assay (Sigma).
No effects on cell viability as measured by trypan blue exclusion was observed at any ligand concentration tested.
Primary bone marrow cultures, treatment, and differentiation assays Bone marrow was isolated by aspiration from the femora of 6 months old male C57BL/6 mice, as previously described [11] , using a University of Arkansas for Medical Sciences (UAMS) IACUC approved protocol. Marrow isolates from 10 animals were pooled and cultures established by plating cells at the density 2.5 × 10 6 cells/ well on 6-well plates for differentiation assays or at 5 × 10 6 cells per 60 mm plates for RNA isolation. Cells were plated in triplicate and grown in the presence of 15% FBS in αMEM medium. One-half of the medium was changed every 6 days.
For adipocyte differentiation, growth medium was supplemented with either netoglitazone or rosiglitazone at the following final concentrations: 0.01, 0.1, and 1 μM after 10 days of culture. Three days later, the treatment was repeated and one half of the culture medium changed. The cultures were harvested on day 6, stained for fat with Oil Red O and counterstained with methyl green, as described previously [19] . Colony Forming Units for Adipocytes (CFU-AD) were enumerated, considering a colony, which contained at least 10% cells, as CFU-AD.
For osteoblast differentiation, bone marrow cultures were established in a basal medium supplemented with 0.2 mM ascorbic acid and 10 mM β-glycerophosphate and maintained for 28 days with half the medium changed every 6 days [11] . On day 10, the medium was supplemented with either netoglitazone or rosiglitazone at the concentrations described above, and the treatments were repeated with each medium change, for the duration of the experiment. Colony Forming Units for Osteoblasts (CFU-OB) were detected by Von Kossa staining of mineral and enumerated as described [11] .
RNA isolation and gene expression analysis
For RNA isolation, U-33/γ2 and U-33/c cells were grown in basal medium until cultures obtained 80% confluency, whereas bone marrow cells were grown for 10 days, followed by 3 days treatment with tested compounds. Total RNA from cell lines and primary bone marrow cultures were isolated using RNeasy kit (QIAGEN Inc., Valencia, CA). RNA isolation from the intact tibia of experimental animals was performed using TRIzol Reagent (Invitrogen, Carlsbad, CA), as described previously [12] .
RT-PCR analysis of Runx2 and FABP4/aP2 mRNA expression in cell lines was performed using Advantage RTfor-PCR and Advantage cDNA PCR kits (Clontech, Palo Alto, CA). The reverse transcription (RT) reaction was incubated at 42°C for 1 h. The amount of cDNA used for each PCR reaction corresponded to 0.014 μg total RNA. The expression of osteoblast-specific isoform of Runx2 was determined by Southern analysis of RT-PCR products. PCR was performed using a forward primer (mOSF2+1.F) corresponding to the sequence unique for the bone-specific Runx2 isoform and a reverse primer (mCBFA1+655.R) corresponding to the common sequence for different Runx2 isoforms, as previously described [21] . PCR reaction products were electrophoresed on 0.9% agarose gel, transferred to BrightStar™-Plus nylon membrane (Ambion Inc., Austin, TX), and hybridized under high stringency conditions [22] to a 32 P-labeled cDNA probe (140 bp) representing an osteoblast-specific fragment of Runx2 [23] . The level of fatty acid binding protein 4 (FABP4 or aP2) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression were detected using RT-PCR at the conditions described before [19] . For all analyzed genes, the PCR reaction conditions generated products within the linear range of amplification. No amplicons were evident in the absence of the reverse transcription reaction.
Gene expression analyzes in primary bone marrow cultures and tibiae were performed using quantitative real-time RT-PCR. The gene-specific primer sequences were selected using the Taqman Probe and Primer Design function of the Primer Express v1.5 software (Applied Biosystems, Forest City, CA). Reverse transcription reactions were carried out using 2 μg RNA, subjected previously to DNase digestion and a TaqMan Reverse Transcription Reagents (Applied Biosystems) followed by PCR in real time using a SYBR Green PCR Master Mix (Applied Biosystems) and an ABI Prism 7700 Sequence Detection System (Applied Biosystems). The reactions were performed using the following cycling conditions: 95°C for 10 min, then 40 cycles of 95°C for 15 s followed by 60 C for 1 min. The optimal concentrations of primers and templates that were used in each reaction were established based on the standard curve created prior to the reaction and corresponded to ∼100% reaction efficiency. PCR results were normalized to the expression of 18S rRNA in the same samples. Gene expression was analyzed using following pairs of primers: FABP4/aP2 (forward-GCGTGGAATTCGATGAAATCA; reverse-CCCGCCATCTAGGGTTATGA), Runx2 (forward-G G G C A C A A G T T C TAT C T G G A A A A ; r e v e r s e -CGGTGTCACTGCGCTGAA), Dlx5 (forward-TGA-C A G G A G T G T T T G A C A G A A G A G T; r e v e r s e -CGGGAACGGAGCTTGGA), osteocalcin (forward-CGGCCCTGAGTCTGACAAA; reverse-GCCGGA-GTCTGTTCACTACCTT), α1(I)collagen (forward-ACTGTCCCAACCCCCAAAG; reverse-CGTATTCTTCC-GGGCAGAAA), and 18S rRNA (forward-TTCGAACGTCT-GCCCTATCAA; reverse-ATGGTAGGCACGGCGACTA).
Animals and treatment regime
Obese diabetic yellow agouti A vy mice (7-months old male) were obtained from the colony maintained at the National Center for Toxicology Research (Jefferson, AR) [24] . Non-diabetic 6-month-old male C57BL/6 mice were obtained from the colony maintained by the National Institute of Aging under contractual agreement with Harlan Sprague-Dawley /NIA. Animals were housed in groups of 4 per cage with free access to water and at a constant temperature on a 12-h light-dark cycle. All animal treatment and care protocols conformed to National Institute of Health guidelines and were performed using a University of Arkansas for Medical Sciences (UAMS) IACUC approved protocol.
To establish a dose of netoglitazone with the same antihyperglycemic effect as the previously reported rosiglitazone dose [12] , A vy mice (four animals per group) were fed a diet supplemented with either netoglitazone (5 μg/g body weight/day or 10 μg/g body weight/day), or rosiglitazone (20 μg/g body weight/day), or non-supplemented (control group) for 4 days. Diets were prepared as described previously using a chow of identical nutritional composition [12] . Plasma glucose levels were measured at the beginning and end of the experiment for each animal fasted for 4 h before blood collection from the tail vein. Glucose levels in serum were determined based on the enzymatic reaction of β-D-glucose with oxygen using Hichem Glucar Glucose Reagent Pak (Elan, Smithfield, RI) and Beckman Glucose Analyzer 2 (Beckman Coulter Inc.).
To determine the effect of netoglitazone on the skeleton, intact C57BL/6 animals (N = 8 per group) were fed 5 g of chow supplemented with 10 μg/g body weight/day netoglitazone maleate. The control group was fed the same amount of non-supplemented chow. All animals were fed for 7 weeks with food intake monitored daily and the body weights of individual animals monitored weekly.
Bone mineral density measurements
Bone mineral density (BMD) was determined using the small animal dual energy X-ray absorptiometry (DXA) instrument Piximus 2 (GE Lunar, Madison, WI) and software V1.46 [12, 25] . Mice were anesthetized and scanned prior to the onset of treatment and at sacrifice. Total body BMD and bone mineral content (BMC), excluding the head and tail regions, was obtained from each scan. The percent change in BMD was determined by inserting the values (V) collected for each time point into the calculation: (V post-treatment − V pre-treatment ) / V post-treatment × 100. Internal variations of repeated measures of total murine body BMD in our laboratory have been determined to be 1.7-2.0%.
Micro-computed tomography (MicroCT) analysis
After sacrifice, the right tibia of each animal was dissected and fixed in 10% phosphate-buffered formalin, pH 7.4, at 4 C. After 24 h, the tibiae were analyzed without further sample preparation in a microCT 40 (Scanco Medical, Bassersdorf, Switzerland) in formalin. MicroCT scans were performed on 256 successively measured slices (12 μm each) to total 3.07 mm of the proximal metaphysis [12] . The threedimensional information was obtained by stacking the measured slices on top of each other. The volume of interest (VOI) for subsequent morphometric analysis in 3-dimensions was the entire secondary spongiosa after extracting automatically the surrounding cortical bone (length of 3.07 mm of the radial axis), and avoiding inclusion of boundaries of the VOI [26, 27] . The complete secondary spongiosa of the proximal tibia was evaluated to avoid sampling errors incurred by random deviations within a single section. Careful contouring of this region yielded volumetric information of bone volume (BV), total volume (TV), and calculated ratio of BV/TV, as well as trabecular thickness (Tb.Th.), trabecular number (Tb.N.), and trabecular spacing (Tb.Sp.). Estimation of the plate-rod characteristics of the specimen was achieved using the Structure Model Index (SMI). For an ideal plate and rod structure, the SMI value is 0 and 3, respectively. For a mixed structure, the value is between 0 and 3, depending on the volume ratio between rods and plates. The geometrical degree of anisotropy (DA) is defined as the ratio between the maximal and the minimal radius of the mean intercept length ellipsoid. The connectivity density (Conn.D.) is calculated using the Euler method. The computation of both DA and Conn.D are described in detail elsewhere [26] .
Determination of marrow adipocyte number
Following microCT analysis, tibiae were decalcified in formic acid, embedded in paraffin and sectioned at 5 μm as described [28] . Histological sections were stained with hematoxilin and eosin [28] . Fat cells present within the tissue area were enumerated under magnification 20× on five consecutive microscopic fields of the secondary spongiosa of the proximal tibia as described previously [12] and an average number of cells per high power field of 4 individual animals per group was calculated.
Statistical analysis
Statistically significant differences between groups were detected using one-way ANOVA followed by post hoc analysis by Student-Neuman-Keuls within the SigmaStat software (SPSS, Inc., Chicago, IL) after establishing the homogeneity of variances and normal distribution of data. In all cases, P b 0.05 was considered significant.
Results

Effect of netoglitazone on adipocyte and osteoblast differentiation
We have previously described a cellular model for testing in vitro the effects of PPAR-γ agonists on the osteoblast phenotype [11, 19] . The model consists of two cell lines derived from a clonal murine pre-osteoblastic cell line, UAMS-33 [11] . UAMS-33 cells were stably transfected with either a PPAR-γ2 expression construct (U-33/γ2 cells) or empty vector (U-33/c cells). U-33/c cells serve as a negative control for PPAR-γ2-dependent effects of tested agonists. U-33/γ2 cells are bipotential and capable of both osteoblast and adipocyte differentiation. In the presence of pro-osteoblastic stimuli (ascorbic acid and β-glycerophosphate), the cells mineralize the extracellular matrix. In contrast, the addition of a PPAR-γ ligand, such as rosiglitazone, to the basal medium induces fat accumulation and adipocyte differentiation, and simultaneously suppresses the osteoblast phenotype of these cells, including the ability to mineralize extracellular matrix [11] .
As shown in Fig. 1A , netoglitazone was approximately two orders of magnitude less effective than rosiglitazone in inducing adipocyte differentiation in U-33/γ2 cells. This finding is consistent with previous reports demonstrating that netoglitazone was approximately 10 times less effective in inducing adipogenesis in 3T3-L1 cells [3] .
The anti-osteoblastic properties of netoglitazone and rosiglitazone were compared using two osteoblast-specific assays. First, the effects of both compounds on alkaline phosphatase activity, an enzyme specific for osteoblasts and necessary for their function such as mineralization of extracellular matrix [29] , was tested. As shown in Fig. 1B , rosiglitazone effectively inhibited alkaline phosphatase activity in U-33/γ2 cells, even at the lowest tested concentration (7 nM), which is an order of magnitude lower than the known binding affinity of rosiglitazone to PPAR-γ [30] . In contrast, the complete inhibition of alkaline phosphatase enzyme activity by netoglitazone was observed only at concentrations greater than 1 μM. This indicates that netoglitazone is at least 250-fold less effective than rosiglitazone in inhibiting alkaline phosphatase activity in U-33/γ2 cells. Next, the effects of netoglitazone and rosiglitazone on the mineralization of extracellular matrix by U-33/γ2 cells were compared. As shown in Fig. 1C , complete inhibition of mineralization by rosiglitazone occurred at a concentration of 70 nM, whereas netoglitazone induced the same effect only at 6 μM. This distinction represents a 100-fold difference in the inhibition of osteoblast mineralization between rosiglitazone and netoglitazone. As expected, neither compound suppressed mineralization (Fig. 1D) , alkaline phosphatase activity (data not shown), or induced fat accumulation (data not shown), in U-33/c cells, indicating that the observed effects are PPAR-γ2 specific.
Next, the effects of netoglitazone and rosiglitazone on the expression of the adipocyte-specific gene marker FABP4/aP2 and the osteoblast-specific transcription factor Runx2 were examined. U-33/γ2 cells were treated with each compound at the concentration (0.5 μM for rosiglitazone and 2.5 μM for netoglitazone), which equally induced the pro-adipocytic and anti-osteoblastic activities of PPAR-γ2. As demonstrated above, treatment with these concentrations resulted in the induction of fat accumulation in 50% of treated cells (Fig. 1A) , whereas mineral deposition was decreased by 85% (Fig. 1C) . Consistent with the phenotypic effects, the mRNA level for FABP4/ aP2 was elevated, while Runx2 mRNA expression was almost completely suppressed, by both rosiglitazone and netoglitazone (Fig. 2) . These results indicate that at the respective effective concentrations, netoglitazone possesses the same characteristics as rosiglitazone in respect to the simultaneous activation of the anti-osteoblastic and proadipocytic activities of PPAR-γ2. Thus, in order to achieve effects on bone marrow mesenchymal cell differentiation and gene expression in vitro similar to rosiglitazone, netoglitazone requires at least a 50-fold higher concentration.
Next, we compared the response of primary ex vivo murine bone marrow cultures to netoglitazone and rosiglitazone treatment. Bone marrow mesenchymal progenitors were harvested as described above and treated with either netoglitazone or rosiglitazone at three different concentrations. Their potential to differentiate toward either osteoblasts or adipocytes was measured by the ability to form colonies with deposited mineral (CFU-OB), or colonies containing fat cells (CFU-AD), respectively. As shown in Fig. 3 , netoglitazone was less effective than rosiglitazone in both, the inhibition of osteoblastic and the stimulation of adipocytic differentiation. At the concentrations tested, netoglitazone did not effect CFU-OB formation (Fig. 3A) ; whereas its effects on CFU-AD formation were approximately 100-fold lower than these of rosiglitazone (Fig. 3B) .
Next, the effects of both netoglitazone and rosiglitazone on the expression of phenotype-specific gene markers in primary ex vivo bone marrow cells were examined. As shown in Fig. 4 , at the respective concentrations, both compounds affected the expression of osteoblast-specific gene markers, such as Runx2, Dlx5, osteocalcin and collagen, and adipocyte-specific marker, FABP4/aP2, in a similar manner as they affected the number of CFU-OB and CFU-AD. Once again, netoglitazone was approximately 100-fold less efficient than rosiglitazone in effecting osteoblast-and adipocyte-specific gene expression.
The identical responses of primary bone marrow cultures and U-33/γ2 cells to netoglitazone and rosiglitazone treatments suggest that the observed effects are mediated via PPAR-γ2. These data also validate U-33/γ2 cells as a reliable in vitro model to study the role of PPAR-γ2 in the We have previously demonstrated that the administration of rosiglitazone, at an effective anti-hyperglycemic dose (20 μg/g/day), to non-diabetic C57BL/6 mice for 7 weeks induced significant bone loss [12] . Therefore, in order to determine the effects of netoglitazone on bone, the effective dose of netoglitazone that elicits a similar anti-hyperglycemic effect as rosiglitazone, was established. Since antidiabetic glitazones do not affect blood glucose levels in non-diabetic animals, as well as non-diabetic humans [31, 32] , for testing anti-hyperglycemic effects we used obese diabetic yellow agouti A vy mice, which possess some of the characteristics of human type 2 diabetes. The diabetic phenotype of these mice, which results from a mutation in the agouti gene locus, includes hyperglycemia, hyperinsulinemia, and insulin resistance, and is male specific [24] . Previous studies, in which closely related KK-A y mice were used, demonstrated that a dose of 10 μg/ g/day of netoglitazone is as effective as a dose of 30 μg/g/ day of rosiglitazone in lowering plasma glucose levels by 2-fold [3] . Therefore, the anti-hyperglycemic effect of netoglitazone in A vy males at two doses (5 and 10 μg/g/ day) was compared to the rosiglitazone at the dose previously shown to reduce bone mass in non-diabetic C57BL/6 mice (20 μg/g/day) [12] . Fasting plasma glucose levels measured after 4 days administration of the tested compounds demonstrated that the dose of 10 μg/g/day netoglitazone had a similar anti-hyperglycemic effect as the 20 μg/g/day dose of rosiglitazone ( Fig. 5) . Both doses decreased glucose levels by approximately 15-20%, which is in the range of expected glycemic effects for rosiglitazone in diabetic patients [2, 33] .
Effects of netoglitazone on the skeleton of C57BL/6 mice Netoglitazone (10 μg/g/day) was administered to 6 months old male C57BL/6 mice, for 7 weeks, using an experimental protocol identical to that reported for rosiglitazone [12] . Table 1 shows the effects of netoglitazone administration on body weight, the weights of white (WAT) and brown (BAT) adipose tissues, and blood glucose levels. Seven weeks of netoglitazone administration did not affect body weight, or blood glucose levels in non-diabetic C57BL/6 mice. However, netoglitazone significantly decreased WAT (epididymal fat) weight and increased the BAT (interscapular fat) weight. Similar effects were observed previously in C57BL/6 mice treated with rosiglitazone (20 μg/g/day for 7 weeks) [12] . These results suggest that netoglitazone (10 μg/g/day) is as effective as rosiglitazone (20 μg/g/day) in lowering blood glucose levels in diabetic A vy animals and effecting fat metabolism in normal C57BL/6 mice.
Netoglitazone had no significant effect on whole body bone mineral density (BMD) (control: 0.0489 ± 0.0008 g/ cm 2 ; netoglitazone 0.0476 ± 0.0012 g/cm 2 ; P N 0.05); however whole body bone mineral content (BMC) was significantly decreased by 4.6% (control: 0.438 ± 0.016 g; netoglitazone: 0.418 ± 0.014 g; P b 0.05). Sub-region analysis of the DEXA scans at the mid-shaft of the femur suggested decreases in cortical BMD (data not shown).
In addition, microCT analysis of trabecular bone in the proximal tibia did not reveal any changes in the bone microarchitecture of animals treated with netoglitazone (Table 2) . Parameters, such as bone volume (BV/TV), trabecular number (Tb.N.), trabecular thickness (Tb.Th.), trabecular spacing (Tb.Sp.), and bone connectivity (Conn. D.), were unaffected by netoglitazone treatment. Together, these data suggest the effects of netoglitazone (at this dose and duration) on the skeleton (if any) are small and may be cortical rather than cancellous. Values represent a mean ± standard deviation (±SD) from a total of 6 animals in control group and 8 animals in netoglitazone group. ⁎ P b 0.05 vs. control. Values represent a mean ± standard deviation (±SD) from a total of 4 animals per each group.
Analysis of the bone marrow composition of trabecular bone in the proximal tibia demonstrated that netoglitazone increased the number of adipocytes by 3-to 6-fold, compared to control animals (Fig. 6 ). Similar increases were previously observed in animals that received rosiglitazone [12] . These results suggest that in vivo netoglitazone and rosiglitazone have similar effects on marrow adipocyte formation. These observations contrast dramatically with the results in primary bone marrow cultures and U-33/γ2 cells, where netoglitazone was 100-fold less effective than rosiglitazone in inducing adipocyte formation (Figs. 1 and 3) .
The observed lack of netoglitazone effects on specific trabecular bone parameters and its positive effect on marrow adipocyte development was reflected at the level of phenotype-specific gene expression measured in the whole tibia using quantitative real time RT-PCR. Netoglitazone administration did not affect the abundance of transcripts for two osteoblast-specific transcription factors, Runx2 and Dlx5, as well as the osteoblast gene markers, osteocalcin and collagen I (Table 3 ). In contrast, the expression of the adipocyte maker gene FABP4/aP2 was significantly increased.
Discussion
Glitazones were originally developed as drugs to combat insulin resistance in type 2 diabetic patients [33] . Despite the clear clinical benefit of these drugs as a treatment for type 2 diabetes, the use of the current generation of glitazones is associated with side effects of clinical importance, such as weight gain, edema, and anemia [2, 34] . In addition, there is a growing concern about the reported deleterious effects of glitazones on bone cell function and the skeleton [12] [13] [14] 16, 19] . For these reasons, significant efforts are ongoing to develop novel glitazones, which retain their insulinsensitizing activity, but are devoid of activities that cause adverse effects. Netoglitazone serves as an example of a selective glitazone, with a high anti-diabetic activity and little or no adverse effects on the skeleton in vivo.
U-33/γ2 cells, in which osteoblast and adipocyte differentiation are specifically under the control of the constitutively expressed PPAR-γ2, serve as a valuable in vitro model for the assessment of the osteoblastic and adipocytic activities of different PPAR-γ modulators [19] . Using this model and primary murine bone marrow cells, we have shown that netoglitazone was significantly less effective than rosiglitazone in suppressing the osteoblast phenotype, as determined by alkaline phosphatase activity, mineralization, and osteoblast-specific gene expression. The demonstration that primary murine bone marrow mesenchymal progenitors responded to both PPAR-γ ligands in the same fashion as U-33/γ2 cells supported the notion that U-33/γ2 cells are a reliable tool for determining the selective effects of PPAR-γ modulators on adipocyte and osteoblast differentiation.
The weak anti-osteoblastic activity of netoglitazone in vitro correlated with the observed relatively small effects on bone in vivo. Netoglitazone at a dose of 10 μg/g/day, which lowered blood glucose levels as effectively as rosiglitazone dose of 20 μg/g/day, did not affect BMD, bone microarchitecture, or bone-specific gene expression. However, the decreased BMC observed in netoglitazone-treated animals suggests a potential cortical effect and raises the possibility that higher doses of netoglitazone or longer treatment times may cause larger skeletal effects.
In contrast to the anti-osteoblastic activities of netoglitazone, we observed a striking difference between its in vitro and in vivo pro-adipocytic activities. Although netoglitazone was less effective than rosiglitazone in inducing the adipocyte phenotype in both primary murine bone marrow cultures and U-33/γ2 cells, netoglitazone appeared to be as effective as rosiglitazone in the induction of marrow adipocyte formation in intact animals. In addition, netoglitazone effected the weights of extramedullary fat depots, such as epididymal and interscapular fat, in the same manner as rosiglitazone [12] [13] [14] 16, 19] , suggesting a similar role of these two PPAR-γ agonists in fat metabolism in vivo.
A similar discrepancy between the in vitro and in vivo effects of netoglitazone on adipocyte development was noted previously in 3T3-L1 cells and KK-A y mice, respectively [3] . Although the mechanism by which netoglitazone exerts its differential in vitro and in vivo effects on adipocyte differentiation is unclear, it is possible that the pro-adipocytic activity of netoglitazone in vivo is conveyed via a PPAR-γ independent mechanism; perhaps through another nuclear receptor also involved in fatty acids metabolism such as PPARα [4] .
Another intriguing feature of netoglitazone activity is the disparity between its stimulatory effect on marrow adipocyte formation and lack of a suppressive effect on osteoblast differentiation. However, despite the evidence that PPAR-γ-driven differentiation toward the adipocytic phenotype simultaneously suppresses the osteoblastic phenotype and vice versa [11, 35] , there are numerous examples that show that the interrelationship between these two phenotypes, and the role of PPAR-γ in this process, is more complex [36, 37] . We demonstrated previously in vitro, in primary bone marrow cultures and U-33/γ2 cells, that ligands of different chemical composition may selectively regulate PPAR-γ adipocytic and osteoblastic activities [19] . Similar separation of both PPAR-γ activities was demonstrated in vivo by Tornvig et al. who showed that the administration of another glitazone, troglitazone, to ApoE-deficient mice for 10 months did not affect bone mass, although it increased the number of marrow adipocytes and appeared to affect the marrow hematopoietic compartment [38] . In contrast, Kveiborg et al. have demonstrated that the induction of osteoblast differentiation by overexpression of ΔFosB in cells of the osteoblast lineage did not affect the number of marrow adipocytes [39] . Although both studies provide valuable insight into the understanding of the relationship between osteoblast and adipocyte differentiation, some limitations exist that may impact the interpretation of their results. Firstly, a high bone mass phenotype due to increased bone formation in the ApoE-deficient mice used by Tornvig and colleagues could potentially over-ride any anti-osteoblastic activity of troglitazone [38, 40] . Kveiborg et al. chose to target relatively late osteoblast progenitors by overexpressing ΔFosB under the control of osteoclacin promoter, which targets a cell population that may possess a limited potential to differentiate toward adipocytes. In contrast, the studies presented here, which demonstrate a clear separation of the pro-adipocytic and anti-osteoblastic activities of netoglitazone, were performed in an animal model previously used to demonstrate that rosiglitazone possessed both activities simultaneously [12] .
In summary, netoglitazone appears to be a PPAR-γ ligand that separates the pro-adipocytic and anti-diabetic activities from the anti-bone activity in vivo. This finding suggests that selective PPAR-γ modulators that differentially activate anti-osteoblastic and pro-adipocytic activities, while retaining their beneficial effects on insulin sensitization are feasible. The in vivo activity of this novel class of PPAR-γ ligands may be of clinical relevance. For example, patients with type 2 diabetes mellitus, who have a higher risk of falls and loose bone at higher rate than non-diabetics [41, 42] , may be at an increased risk of additional bone loss if treated with conventional thiazolidinediones, such as rosiglitazone. Further detailed clinical studies are required to provide important information regarding the potential risk to the skeleton of patients who receive glitazone therapy.
